LiTi 2 O 4 is a unique material in that it is the only known oxide spinel superconductor. Although bulk studies have demonstrated that superconductivity can be generally described by the Bardeen- 
I. INTRODUCTION
Spinel structure oxides offer a wealth of electronic and magnetic ground states across a broad range of temperatures. Spinel oxides with 3d transition metals on the octahedral sites exhibit ferromagnetism, antiferromagnetism, charge ordering, and other types of magnetic and electronic ordering depending on the average valence of the cations. However, there is only one known oxide spinel superconductor to date, LiTi 2 O 4 (LTO), with a superconducting phase that persists up to 13 K. Johnston In bulk studies of primarily polycrystalline samples, there have been widely varying normal state and superconducting properties influenced by vacancies, 8 Li content, and Ti network disorder. 9, 10 Studies probing the effects of lattice strain on the superconductivity in bulk LTO have shown the application of hydrostatic pressure to increase the Debye temperature which in turn increases T c as predicted by BCS theory, and such enhancement of T c has been observed in both Li deficient and stoichiometric LTO samples. 11, 12 There have been comparatively fewer bulk single crystal studies with systematic characterization of physical properties.
Epitaxial thin films of LTO are model systems for the systematic study of the role of lattice strain and microstructural disorder on superconducting properties. Epitaxial lattice strain gives rise to changes in the bandwidth that affect electron-electron correlations in many epitaxial thin film systems. 13, 14, 15 In addition, systematic variations in epitaxial film microstructural disorder may be obtained through the choice of substrate with lattice parameters not equal to the film lattice parameter due to changes in film growth mode or nucleation of dislocations and other defects. 16 Such variation in microstructure can shed light on the various scattering processes that may or may not affect its superconducting properties. Finally, the choice of substrate orientation may provide insight into either intrinsic or strain-induced anisotropic film properties. 17, 18 However, to date there has been no report of epitaxial thin film growth, although polycrystalline thin films have been synthesized by Inukai et al. 19, 20 In this paper, we report on the successful synthesis and superconducting and normal Advanced Light Source. X-ray absorption spectra for LTO films of thickness 15-300 nm were taken at room temperature in both normal and grazing incidences (the sample's surface normal direction was collinear with the incoming photon direction and was tilted 60 degrees from the incoming photon direction, respectively). Reference spectra were measured on bare substrates as well as powder from the target material. Spectra were obtained by measuring total electron yield, monitoring the sample drain current as a function of photon energy.
Electron yield detection is surface sensitive with a probing depth of 2-5 nm. The sample current was normalized to the incoming photon flux as measured using a gold mesh inserted in the beam path. The degree of linear polarization of the incoming X-ray flux was 99±1%
for both beamlines. The lateral dimensions of the X-ray interaction area are much larger than the electron escape depth vertically, thus the measured signal averages over a large number of intragrain volume as well as grain boundaries.
Normal and superconducting-state magnetic properties were measured in a Quantum De- 
IV. TI L 2,3 AND O K X-RAY ABSORPTION SPECTROSCOPY
In order to probe the cation environment and its effect on the observation of superconductivity, surface sensitive soft X-ray absorption spectroscopy was performed at the Ti L 2,3
and O K absorption edges on films of varying thickness below 500 nm to determine the Ti ion environment. Spectra have been aligned to the first sharp peak at each absorpton edge:
455 eV for the Ti L 3a peak ( Figure 1 ) and 530 eV for the first O K edge peak ( Figure 2 In contrast, the O K edge features may be divided into two regions: two low-energy peaks at 530 eV and 532.5 eV that show strong hybridization between O 2p and Ti 3d states, and a broader region between 536-548 eV exhibiting mixing of Ti 4sp and O 2p states. 36 The lower-energy peaks for the various samples resemble the spectrum from the target material due to similar Ti-O hybridization with the intensity for the two peaks for the fresh samples equal in magnitude and insensitive to film thickness from 15 nm to 87 nm on STO. Since these lower-energy peaks are sensitive to neighboring Ti ions, one would expect similar spectra between the edge-sharing TiO 6 octahedra in LTO and the distorted edge-sharing octahedra in ramsdellite Li 2 Ti 3 O 7 and rutile TiO 2 when compared to the corner-sharing octahedra in STO. One would also expect dramatic changes between fresh and aged sample spectra, but the aged LTO/MAO sample (Figure 2 (c) ) showed large changes only when measured in grazing incidence. Grazing incidence measurements reduce the effective X-ray as reference spectra as described in Figure 1 . All spectra with solid lines were taken in normal incidence, while the dotted spectra overlaying spectrum (c) was taken in grazing incidence.
samples described below cannot be attributed to variations in Ti average valence, Ti site symmetry or Li deficiency and hence Ti network disorder.
Although XAS spectra can show strong differences based on site symmetry for isovalent 
V. MAGNETISM
The magnetic response of LTO films was measured on all substrates and found to be comparable to LTO bulk single crystals, polycrystalline pellets, and powder samples. Zerofield cooled samples at 1.8 K show diamagnetic shielding with low applied fields. A linear extrapolation at low applied fields for the data presented in Figure 3 yielded a typical lower critical field H c1 of 46±3 Oe at which point the diamagnetic response deviated from linearity by 1 %.
In order to understand the factors governing the normal state response of our films, we also measured the normal state susceptibility and fit it to a modified Curie-Weiss law.
2 The
Curie-Weiss behavior can result from trapped electrons on defect sites as well as impurities, whereas the weakly temperature dependent residual susceptibility A m + B m T in the model below is due to Pauli paramagnetism from conduction electrons as well as response from LTO films which were grown in a reducing environment, the expected amount of oxygen defects per sample volume was larger than had been seen in previous bulk studies. In fact, the much larger surface to volume ratio and small grain size pointed to non-stoichiometry at the film surface and at grain boundaries. Accordingly, the Curie constant extracted from our DC susceptibility measurements showed an increase over that of previously measured bulk samples but were similar for our films on different substrates.
VI. TRANSPORT
In order to probe the effects of lattice strain and microstructural disorder on the superconducting transition, we performed resistivity and Hall effect measurements on our LTO films. In particular, we discuss the normal state resistivity values, resistive transition temperatures and widths, the upper critical field, the Ginzburg-Landau coherence length-mean free path product and Hall mobility as a function of substrate and film thickness.
The normal-state resistivities versus temperature for nominally stoichiometric films on MAO (e.g. Figure 4 ) and STO deposited at 600 at 600
• C. Thus, the higher residual resistivity implies that scattering from defects such as anti-phase boundaries is increased for a given film thickness.
A. Superconducting-State Transport were uniformly 12 K for stoichiometry deviations in the range of −0.7 < z < 0.5. However, there was strong variation in the quantities (dH c2 /dT) T =Tc and λ so , the zero-field slope of the H c2 vs T c curve and the spin-orbit scattering parameter, respectively. In analogy, the T c of films on MAO and STO for a given thickness is suppressed in thinner films to a value of on average 10.8±0.5 K compared to 900 nm thick films with a critical temperature of 11.3 K. Thinner films such as the 60 nm film on (001)MAO or 50 nm film on (001)STO in Figure 5 have suppressed critical temperatures in zero field, though in high field their behavior approaches those of thicker films. On the other hand, the films on MgO had a suppressed critical temperature but fit very well to the universal WHH curve when the The Ginzburg-Landau coherence length-mean free path product ξ 0 l may also be extracted from the transport data using the dirty-limit formula
For the resistive transitions plotted in Figure 5 , ξ 0 l for the 150 nm thick films is close to
1400Å
2 and is consistent with crystals at 5% or closer in composition to the stochiometric LiTi 2 O 4 phase. 4, 42 However, the 50 nm and 60 nm films on both MAO and STO have ξ 0 l values close to 800Å 2 , suggesting that deviations from bulk-like behavior at either the surface or the film-substrate interface dominate at these thicknesses.
The Hall mobility of films on MAO and STO substrates was measured by computing the ratio between the Hall resistance and the sheet resistance in the van der Pauw configuration from the critical temperature up to room temperature. Assuming a simple one-carrier type model, films are n-type with carrier concentration of 1. A detailed look at the normal state resistivity of LTO shows non-monotonic behavior with both positive and negative slope. Such features have been attributed to non-stoichiometry or substitution in LTO bulk samples. 5, 43 As discussed in Section VI A, grain boundary resistance may play a role in the measured sample resistance and thus must be taken into consideration when performing quantitative analysis on transport data. Thus, a two component model of resistivity consisting of metallic and semiconducting components was used to account for disorder and inhomogenieties in our thinner superconducting LTO films as well as films deposited at 450
• C. Similar modeling was successfully applied to (Ba,K)BiO 3 films.
The first bracketed term models the semiconducting component of the resistivity which freezes out at low temperatures, and is parametrized by the semiconducting channel resistivity asymptote ρ s and hopping activation energy E s . The second term models a metallic resistivity, and the weighting parameter A details the relative contributions between the metallic and semiconducting channels. The normal-state resistivity has been fit in vanadium-silicon as 60 nm and thicker films on both MAO and STO substrates deposited at 600 While films thicker than 100 nm on MAO and STO showed similar transport and magnetization characteristics, there was a distinct thickness dependence on the transport for films thinner than 100 nm. A two component resistivity model may also be applied to LTO films thinner than 100 nm with high residual resistivity. However, in lieu of the Bloch-Gruneisen form of the metallic resistivity component, a logarithmic resistivity is better suited to the temperature regime between 15 K and 100 K (Figure 7, insets) . Such a logarithmic dependence on temperature signifies either weak localization of carriers or defect and impurity-induced electron scattering as seen in granular or amorphous metal films. 52,55 A strong magnetoresistance is found for systems where weak localization is dominant, 52 but a weak magnetoresistance at 5 T of less than 0.1 % points to a defect-induced scattering mechanism such as antiphase boundary scattering as the source of logarithmic temperature dependence on resistance. As this logarithmic behavior is seen clearly in films on STO deposited at 450
• C (e.g. Figure 7 (b) t =29 nm) but a Bloch-Gruneisen type fit is more suitable for films of the same thickness on STO deposited at 600
• C, the higher deposition temperature seems to reduces antiphase boundary defect density such that this scattering channel is minimized. Previous studies on films with antiphase boundaries have shown that high-temperature annealing results in grain growth and a reduction in antiphase boundary density. 56 A further crossover as a function of thickness from a logarithmic dependence to exponential temperature dependence of sheet resistance and stronger localization occurs for the thinnest films (e.g. 
